Two chemically induced mutants with an alteration in the susceptibility of glycoprotein F to proteolytic cleavage have been isolated from the apathogenic strains of La Sota and Ulster of Newcastle disease virus. In contrast to the La Sota wild type, cleavage of the precursor F 0 and activation of cell fusing activity and infectivity take place if the mutant is grown in MDBK and BHK21-F cells. The mutant is, therefore, able to undergo multiple replication cycles in ceils nonpermissive for the wild type. This increase in host range is paralleled by an increase in pathogenicity for chick embryos. The increase in host range of the Ulster mutant is less distinct. This mutant, which does not differ in pathogenicity from its wild type, produces in MDBK cells incompletely activated virus containing predominantly glycoprotein HN in the uncleaved and glycoprotein F in the cleaved form. The data support the concept that the susceptibility of the virus glycoproteins to proteolytic activation is an important factor in determining the pathogenicity of this virus.
INTRODUCTION
The envelope of paramyxoviruses contains two types of spikes: one type consists of glycoprotein HN which has haemagglutinating and neuraminidase activity (Scheid et al. 1972; Scheid & Choppin, 1973; Seto et al. 1973; Tozawa et al. I973; Shimizu et al. I974) , and the other consists of glycoprotein F which induces cell fusion and haemolysis (Homma & Ohuchi, I973 ; Scheid & Choppin, I974; Seto et al. I974) . It is generally agreed that these activities reflect the essential roles which both glycoproteins play in the initiation of infection: glycoprotein HN appears to be responsible for adsorption, whereas glycoprotein F appears to be involved in the penetration process which is assumed to take place by fusion of the virus envelope with the cell membrane.
Glycoprotein F is synthesized in the form of a high mol. wt. precursor (F0) which is subsequently cleaved by proteolysis into two disulphide-linked fragments, F1 and F2 (Shimizu et al. I974; Homma & Ohuchi, 1973; Scheid & Choppin, I974; Hightower et al. I975; Nagai et al. I976a, b; Scheid et al. I978 ) . With two strains of NDV, we have also identified a precursor to glycoprotein HN (HNo) which again is cleaved by proteolysis (Nagai et al. 1976b; Nagai & Klenk, I977) . Evidence has been obtained by in vitro translation studies that HN 0 might also be synthesized by other NDV strains in which the precursor cannot be detected when analysed under in vivo conditions (Clinkscales et al. t977 ; Thomas 0022-I317/80/OO00-4099 $02.00 ~ I980 SGM w. GARTEN AND OTHERS et al. I978) . Cleavage is not required for virus assembly. It is necessary, however, for the expression of the biological activities of both glycoproteins and for infectivity. Thus, virus particles which contain the uncleaved glycoproteins and which have a reduced infectivity may be formed. Activation and maintenance of infection in a given host depend on the disposition of an appropriate protease as well as on the susceptibility of the glycoproteins to proteolytic cleavage (Nagai et al. 1976a, b; Scheid & Choppin, I976) . For instance, in comparative studies on different strains of Newcastle disease virus (NDV) grown in a variety of permanent and primary tissue culture cells, and in the chick embryo, it was observed that pathogenic strains were readily activated in all host systems analysed, whereas apathogenic strains appeared to be activated only in endodermal cells, such as the inner layer of the chorio-allantoic membrane (CAM) of the chick embryo. Thus, evidence was obtained that the differences in susceptibility to proteolytic cleavage may account for the variations in the pathogenicity of this virus (Nagai et al. I976b, I979) . Similar studies have been carried out with avian influenza viruses, where susceptibility of the haemagglutinin to cleavage was found to be an important factor for pathogenicity (Bosch et al. I979) .
It is a reasonable assumption that pathogenic and apathogenic strains were derived from each other by spontaneous mutation affecting the susceptibility of the glycoproteins to proteases. This concept is supported by the present communication describing the isolation of mutants of two NDV strains which have been obtained under in vitro conditions and in which a change in protease susceptibility is paralleled by a change in pathogenicity.
METHODS

Cells.
Monolayers of BHKzI-F, MDBK, MDCK and chick embryo (CE) cells were grown on plastic Petri dishes.
Virus strains. The pathogenic strains Italien and Texas and the apathogenic strains Ulster and La Sota were plaque-purified by threefold passages in CE cells. Plaque passages of strains Ulster and La Sota were carried out with trypsin present in the agar overlay. Seed stocks of egg-grown virus were prepared as described previously (Nagai et al. 1976b) .
Isolation of host range mutants of strains Ulster and La Sota. Mutants were induced in egg-grown virus by treatment with I M-sodium nitrate at pH 4"4 for 9o s (Scheid & Choppin, I976) . This procedure resulted in a decrease in infectivity of about 3 logs as determined by plaque assay in MDBK cells with trypsin present in the overlay medium. For mutant selection, monolayer cultureg containing approx. IO ~; MDBK cells were inoculated at IO -3 p.f.u, per cell and incubated with 5 ml serum-free medium. After 3 days, o'5 ml of the medium was used to inoculate a fresh culture which was then incubated with serum-free medium for another 3 days. With both strains, in I out of about 5oo twofold passages carried out in this way, virus production could be observed in the second passage as indicated by a distinct c.p.e, and the release of haemagglutinin into the medium (128 HAU/ml). This virus was then subjected to three plaque passages in the same cell line.
Labelling and purification of virus. Virus has been grown in monolayer cultures in the presence of radioactive isotopes and purified from the culture medium as described previously (Nagai & Klenk, 1977) .
Plaque assays. The methods employing CE cells (Klenk et al. 1975 ) and MDBK cells (Nagai et al. 1976b ) have been described previously. If trypsin was used in the agar overlay, it was added at a final concentration of Io/~g/ml.
Determination of pathogenicity. Pathogenicity has been assessed in terms of the ability of the virus to kill chick embryos and the speed with which this occurs (Waterson et al. 1967) . Serial lo-fold dilutions of egg-grown virus were prepared and o'l ml was injected into the allantoic cavity of Io-day-old embryonated eggs. The time of death was determined at the highest dilution at which all embryos died.
PoIyacrylamide gel electrophoresis. Unless stated otherwise, slab gels (I6O mm long, T'5 mm thick) containing an 8 to I3 % polyacrylamide gradient have been used. The acrylamide-bisacrylamide ratio was 37"5: I. Electrophoresis was carried out for I6 h at 60 V (Laemmli, I97O) . Protein bands were stained with Coomassie brilliant blue R25o. Fluorography was carried out on Kodak X-Omat XR-5 film by the method of Bonner & Laskey (I974) .
Analysis of tryptic peptides. Virus proteins were separated on polyacrylamide gels. After fixation and staining, protein bands were cut out and subjected to radio-iodination with 12aI followed by trypsin digestion (Gautsch et al. I978) . Trypsin treatment was for I6 h at 37 °C using Ioo #1 o'o5 M-ammonium bicarbonate buffer containing Io #g TPCK-trypsin (Serva, Heidelberg) per gel slice (2 ram3). The gel slices were then incubated with I.O ml o.oI M-ammonium bicarbonate containing 1% fl-mercaptoethanol for 6 h at 6o oc to allow the tryptic peptides to diffuse out Of the gel. The tryptic peptides were freeze-dried and dissolved in 2o #1 H20. Approximately 2/zl were spotted on cellulose-coated thin layer chromatography plates (Merck, Darmstadt). The tryptic peptides were separated in two dimensions, first by electrophoresis and then by chromatography (Harms et al. I978) . Autoradiography of the plates was done using Kodak film X-Omat XR-5 and intensifying screens (Cronex lighting plus, Du Pont, U.S.A.) to minimize the exposure time (Swanstrom & Shank, I978 ).
RESULTS
Structural differences of glycoprotein F of mutants and wild type strains
A comparative analysis of the proteins of mutants and wild type viruses grown in different host cells has been carried out. When grown in the allantoic cavity of embryonated eggs, mutants and wild type strains showed identical protein profiles on polyacrylamide gels and their glycoproteins were present in the cleaved form under these conditions (data not shown). However, structural differences could be detected when the isolated proteins of mutants and wild type viruses were compared by their fingerprint patterns. Fig. I shows that the fingerprints of HN, NP and M are identical with mutant and wild type of strain La Sota, whereas slight but distinct differences exist with glycoprotein F. With strain Ulster, differences between mutant and wild type are again observed only with glycoprotein F (Fig. 2) . These observations indicate that with both mutants a mutation in the gone coding for the F protein has occurred.
Further evidence for structural differences between the F glycoproteins of the La Sota and Ulster wild types and their respective mutants comes from the observation that there are differences in the susceptibility to proteolytic cleavage. Fig. 3 shows the glycoprotein profiles of viruses grown in MDBK cells, i.e. the cell type in which the mutants had been isolated. Both mutants contain glycoprotein F exclusively in the cleaved form, unlike the respective wild types which exhibit predominantly uncleaved F. The small cleavage fragment F 2 is not shown in Fig. 3 , but its presence in the cleaved F protein is indicated by the Fa,~ complex (Nagai et al. I976a; Scheid et al. I978 ) that can be demonstrated by gel electrophoresis under non-reducing conditions (Fig. 4) . Thus, the glycoprotein profile of the La Sota mutant resembles that of pathogenic strains grown in these cells, whereas the Ulster mutant contained uncleaved HN0 and cleaved F, a glycoprotein constellation so far not observed with wild type strains. When grown in BHKzI-F cells, the La Sota mutant could also be distinguished from the wild type by cleavage of F (data not shown). However, when grown in CE cells (Fig. 5) and in MDCK cells (data not shown) the La Sota mutant, like the wild type and unlike pathogenic strains, displayed uncleaved F. The Ulster mutant grown in BHK2r-F, CE and M D C K cells contained both glycoproteins in the uncleaved form as did the respective wild type virus (data not shown). Fig. 5 . also shows that the H N glycoproteins of strains La Sota and Italien have different migration rates, when analysed by polyacrylamide gel electrophoresis under reducing conditions, but that the La Sota mutant resembles in this respect the wild type. Further evidence for the structural identity of HN in the La Sota mutant and the wild type came from electrophoretic analysis in the absence of reducing agents (Fig. 6 ). Under these conditions, the H N glycoprotein of strain Italien formed a dimer, as previously observed with this and other paramyxoviruses (Moore et al. 1975; Scheid et al. 1978) , whereas with both wild type and, mutant La Sota, HN is present as a monomer. 
Expression of biological activities of mutant glycoproteins
The change in the susceptibility of glycoprotein F to proteolytic cleavage is paralleled by an altered capacity of the mutants to express biological activity. This could be demonstrated by analysing the effect of trypsin on plaque formation in MDBK and chick embryo cells. Trypsin treatment has been found to activate virus containing the precursor Fo, e.g. Sendai virus and the apathogenic strains of NDV, and thus to promote multilYle cycle growth and plaque formation in these cells (Homma & Ohuchi, I973; Scheid & Choppin, I974; Nagai et al. I976b) . Table I demonstrates that, in contrast to La Sota and Ulster wild type, neither mutant requires trypsin for plaque formation in MDBK cells. It was therefore possible to isolate the mutants by sequential plaque passages as outlined in Methods. This finding is consistent with the observation presented above that glycoprotein F of the mutants is cleaved in these cells. The ability of the Ulster mutant to undergo multiple cycle replication, despite the fact that it contains biologically inactive HN0, can be explained by the observation that there was also always some cleaved HN present in such virions (Fig. 3 )-Table I also shows that in CE cells, in which glycoprotein F of both mutants is not cleaved, trypsin is required for plaque formation by both mutant and wild type strains.
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Pathogenicity
T h e ability o f the m u t a n t s to cause disease has been analysed by d e t e r m i n i n g the m e a n d e a t h time for chick e m b r y o s ( W a t e r s o n et al. 1967) . T a b l e 2 shows a c o m p a r i s o n o f the m e a n d e a t h times o f wild type and m u t a n t L a S o t a and strain Italien as an e x a m p l e for a p a t h o g e n i c strain. T h e La Sota m u t a n t has clearly a higher p a t h o g e n i c i t y t h a n the wild type, even t h o u g h it is n o t quite as p a t h o g e n i c as strain Italien. T h e Ulster m u t a n t p r o v e d to be practically n o n -p a t h o g e n i c and was indistinguishable in this respect f r o m its wild type (data n o t shown). Table 3 ) demonstrated that glycoprotein F of the mutants is activated by proteolytic cleavage in a larger number of hosts than is the case with the respective wild types. As a result, there is an increase in host range that is quite distinct with the La Sota mutant. Like the wild type, this mutant is activated in the chorioallantoic membrane of the chick embryo. In addition, it has acquired the capacity to be fully activated in BHK and MDBK cells. The increase in the host range of the La Sota mutant, which should facilitate spread of infection in the organism (Scheid & Choppin, ~975; Nagai et al. I976b; 1979) , provides a plausible explanation for the increase in pathogenicity. On the other hand, the La Sota mutant does not equal the pathogenic field strains in either host range (Table 3 ) or in pathogenicity (Table 2) . Thus, we have been able to demonstrate that an alteration in the susceptibility of a virus glycoprotein to proteolytic cleavage is closely paralleled by a change in pathogenicity.
The differences in host range between strain Ulster and its mutant are smaller. Here, apart from the chorioallantoic membrane, only MDBK cells are able to cleave F and the resulting virus, like wild type virus, still contains HN predominantly in the uncleaved form, i.e. it is not fully activated. It is therefore not surprising that a change in pathogenicity was not observed with this mutant.
As outlined in the Introduction, variations in the proteolytic activation of the virus glycoproteins lead to the vast differences in host range observed between pathogenic and apathogenic NDV strains. However, the data presented here demonstrate that more subtle variations are also possible. For instance, glycoprotein F of both mutants is cleaved in MDBK cells, but not in MDCK cells, another permanent cell line. This observation indicates that each cell contains a specific pattern of proteases. As has been pointed out before w. GARTEN AND OTHERS by others (Scheid & Choppin, I976) host range mutants of the type analysed here may be suitable probes for determining the specificity of cellular proteases.
Since the La Sota mutant showed a series of properties typical of pathogenic field strains, it had to be ascertained that this mutant was indeed derived from La Sota wild type and was not the result of contamination with another strain during the isolation procedure. The prime candidate for a contaminant was strain ltalien which was the only pathogenic field strain under investigation when the mutant was isolated. However, there are at least three genetic markers by which strain ltalien can be distinguished from the La Sota mutant and it can thus be ruled out as a contaminant: (1) cleavage of F occurs in CE and MDCK cells only with Italien, but not with the mutant; (2) HN of ltalien is present as a disulphidelinked dimer, whereas in the mutant this glycoprotein is a monomer; (3) the fingerprint patterns of the tryptic peptides of both glycoproteins are different for the mutant and for Italien (data not shown). A previously isolated virus, originally believed to be a pathogenic mutant of strain La Sota (Klenk et al. t977, 1978) was indistinguishable in all of these parameters from strain Italien (data not shown). Therefore, the possibility cannot be ruled out that this virus is in fact strain ltalien.
Host range mutants similar to the NDV mutants described here have been isolated before with Sendai virus (Scheid & Choppin, 1976) . The altered host range of these mutants was also the result of an altered protease sensitivity of glycoprotein F, but, in contrast to the NDV mutants, which have acquired sensitivity to an endogenous protease of cells nonpermissive for the wild type, the Sendal mutants were selected by substitution of an exogenous enzyme not present in the host. It is not known whether the change in host range of the Sendal mutants is paralleled by a change in pathogenicity.
NDV mutants with an alteration in pathogenicity have been isolated previously, but the shift was always from pathogenic to apathogenic (Granoff, t96I ; Thiry, I964; Schloer & Hanson, I968) . Recently, attempts have been made to characterize such mutants biochemically (Madansky & Bratt, ~978). In one instance, evidence has been obtained that glycoprotein F became resistant to cleavage supporting the concept that pathogenicity is determined by the protease susceptibility of the virus glycoproteins. This observation has not been made with other mutants analysed in that study. Thus, other factors might also be involved in the pathogenicity of NDV. However, the observations made in the present study and our previous analysis of naturally occurring strains of NDV (Nagai et al. 1976b (Nagai et al. , 1979 clearly demonstrate that the susceptibility of the virus glycoproteins to proteolytic enzymes plays a prime role in determining the pathogenicity of this virus. This work was supported by the Deutsche Forschungsgemeinschaft (Sonderforschungsbereich 47).
